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Abstract
We study the B meson radiative decay B → Xsγ in the vector quark model.
Deviation from the Standard Model arises from the non-unitarity of the charged current
KM matrix and related new FCNC interactions. We establish the relation between the
non-unitarity of charged current mixing matrix and the mixing among the vector quark
and the ordinary quarks. We also make explicitly the close connection between this non-
unitarity and the flavor changing neutral currents. The complete calculation including
leading logarithmic QCD correction is carefully carried out. Using the most updated
data and the NLO theoretical calculation, the branching fraction of the observed B
meson radiative decay places a limit on the mixing angles as stringent as that from the
process B → Xµµ¯.
PACS numbers: 13.38.Dg, 12.15.Ff, 12.90.+b
1 Introduction
A simple extension of Standard Model (SM) is to enlarge the particle content by adding
vector quarks, whose right-handed and left-handed components transform in the same way
under the weak SU(2)×U(1) gauge group. This extension is acceptable because the anoma-
lies generated by the vector quarks cancel automatically and vector quarks can be heavy
naturally. Vector quarks also arise in some Grand Unification Theory (GUT). For example,
in some superstring theories, the E6 GUT gauge group occurs in four dimensions when we
start with E8 × E8 in ten dimensions. The fermions are placed in a 27-dimensional represen-
tation of E6. In such model, for each generation one would have new fermions including an
isosinglet charge −1
3
vector quark.
In this article, we discuss the B meson radiative decay in the context of a generic vector
quark model and show that the experimental data can be used to constrain the mixing
angles. In vector quark models, due to the mixing of vector quarks with ordinary quarks,
the Kobayashi-Maskawa (KM) matrix of the charged current interaction is not unitary. The
internal flavor independent contributions in the W exchange penguin diagrams no longer
cancel among the various internal up-type quarks. In addition, the mixing also generates
non-zero tree level FCNC in the currents of Z boson and that of Higgs boson, which in turn
gives rise to new penguin diagrams due to neutral boson exchanges. All these contributions
will be carefully analyzed in this paper. Leading logarithmic (LL) QCD corrections are also
included by using the effective Hamiltonian formalism. The paper is organized as follows: In
section 2, we review the charged current interaction and the FCNC interactions in a generic
vector quark model. Through the diagonalization of mass matrix, the non-unitarity of KM
matrix and the magnitude of the FCNC can both be related to the mixing angles between
vector and ordinary quarks. In section 3, various contributions to B meson radiative decays
are discussed in the vector quark model. In section 4, we discuss constraints on the mixing
angles from the new data on B radiative decays and from other FCNC effects. There are
many previous analyses on the same issue. We shall make detailed comparison at appropriate
points (mostly in section 3.) of our discussion. Most vector quark models in the literature
are more complicated than the one we considered here.
2 Vector Quark Model
We consider the model in which the gauge structure of SM remains while one charge −1
3
and
one charge 2
3
isosinglet vector quarks are introduced. Denote the charge −1
3
vector quark as
2
D and the charge 2
3
vector quark as U . Large Dirac masses of vector quarks, invariant under
SU(2)L, naturally arise:
MU(U¯LUR + U¯RUL) +MD(D¯LDR + D¯RDL) (1)
All the other Dirac masses can only arise from SU(2)L symmetry breaking effects. Assume
that the weak SU(2) gauge symmetry breaking sector is an isodoublet scalar Higgs field φ,
denoted as
φ ≡

 φ+
φ0

 =

 φ
+
1√
2
(v + h0)

 (2)
We can express the neutral field h in terms of real components:
h0 = H + iχ. (3)
The conjugate of φ is defined as
φ˜ ≡

 φ0∗
−φ−

 =


1√
2
(v + h0∗)
−φ−

 (4)
Masses for ordinary quarks arise from gauge invariant Yukawa couplings:
− f ijd ψ¯iLdjRφ− f iju ψ¯iLujRφ˜− f ij∗d φ†d¯jRψiL − f ij∗u φ˜†u¯jRψiL (5)
In addition, gauge invariant Yukawa couplings between vector quarks and ordinary quarks
are possible, which give rise to mixing between quarks of the same charge. For the model
we are considering, these are:
− f i4d ψ¯iLDRφ− f i4u ψ¯iLURφ˜− f i4∗d φ†D¯RψiL − f i4∗u φ˜†U¯RψiL (6)
In general, U will mix with the up-type quarks and D with down-type quarks. It is thus
convenient to put mixing quarks into a four component column matrix:
(uL,R)α =


uL,R
cL,R
tL,R
UL,R


α
(dL,R)α =


dL,R
sL,R
bL,R
DL,R


α
(7)
where α = 1, 2, 3, 4. All the Dirac mass terms can then be collected into a matrix form:
d¯′LMdd′R + d¯′RM†dd′L and u¯′LMuu′R + u¯′RM†uu′L. (8)
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In this article, we use fields with prime to denote the weak eigenstates and those without
prime to denote mass eigenstates. Mu,d are 4 × 4 mass matrices. Since all the right-
handed quarks, including vector quark, are isosinglet, we can use the right-handed chiral
transformation to choose the right handed quark basis so that UL, DL do not have Yukawa
coupling to the ordinary right-handed quarks. In this basis, Md andMu can be written as
Md =

 Mˆd ~Jd
0 MD

 , Mu =

 Mˆu ~Ju
0 MU

 . (9)
with
Mˆu,d =
v√
2
fu,d, ~J
i
u,d =
v√
2
f i4u,d (10)
Mˆd,u (with hats) are the standard 3 × 3 mass matrices for ordinary quarks. ~Jd,u is the
three component column matrix which determines the mixings between ordinary and vector
quarks. We assume that the bare masses MU,D are much larger MW . With MU,D factored
out, Md,u can be expressed in terms of small dimensionless parameters a, b:
Md =MD

 aˆd ~bd
0 1

 , Mu = MU

 aˆu ~bu
0 1

 . (11)
The mixing matrix Uu,dL of the left-handed quarks and the corresponding one U
u,d
R for
right-handed quarks, defined as,
u′
L,R
= Uu
L,R
uL,R, d
′
L,R
= Ud
L,R
dL,R, (12)
are the matrices that diagonalize Mu,dM†u,d and M†u,dMu,d respectively. Hence the mass
matrices can be expressed as
Mu = UuLmuUu†R Md = UdLmdUd†R (13)
with mu,d the diagonalized mass matrices. The diagonalization can be carried out order
by order in perturbation expansion with respect to small numbers aˆ and ~b. For isosinglet
vector quark model, the right-handed quark mixings are significantly smaller. The reason is
that M †dMd is composed of elements suppressed by two powers of a or b except for the (4, 4)
element. As a result, the mixings of DR with dR, sR, bR are also suppressed by two powers
of a or b. On the other hand, it can be shown that the mixings between DL and bL, sL, dL
are only of first order in a or b. To get leading order results in the perturbation, one can
assume that UR = I. For convenience, write UL as
UL =

 Kˆ ~R
~ST T

 . (14)
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where Kˆ is a 3× 3 matrix and ~R, ~S are three component column matrices. To leading order
in a and b, T is equal to 1. K equals the unitary matrix that diagonalizes aˆaˆ†. The columns
~R and ~S, characterizing the mixing, are given by
~R = ~b, ~S = −Kˆ~b. (15)
Now we can write down the various electroweak interactions in terms of mass eigenstates.
The Z coupling to the left-handed mass eigenstates are given by
LZ = g
cos θW
Zµ(J
µ
3 − sin2 θWJµem), (16)
Jµ3 = u¯
′
LT
w
3 γ
µu′L + d¯
′
LT
w
3 γ
µd′L =
1
2
u¯L(z
u)γµuL − 1
2
d¯L(z
d)γµdL (17)
The 4× 4 matrices z are related to the mixing matrices by
(zu) = Uu†L aZU
u
L
(zd) = Ud†L aZU
d
L. (18)
with aZ ≡ Diag(1, 1, 1, 0). Note that the matrix z is not diagonal. Flavor Changing Neutral
Current (FCNC) is generated by the mixings between ordinary and vector quarks[2, 3, 4].
The charged current interaction is given by
LW = g√
2
(W−µ J
µ+ +W+µ J
µ−), (19)
Jµ− = u¯′LaWγ
µd′L = u¯LV γ
µdL (20)
where aW ≡ Diag(1, 1, 1, a) is composed of the Clebsch-Gordon coefficients of the correspond-
ing quarks. For an isosinglet vector quark, a = 0. The 4 × 4 generalized KM matrix V is
given by:
V = Uu†L aWU
d
L. (21)
The standard 3×3 KM matrix VKM is the the upper-left submatrix of V . Neither V nor VKM
is unitary. Note that the non-unitarity of V is captured by two matrices
(V †V ) = Ud†L a
2
W
UdL
(V V †) = Uu†L a
2
W
UuL. (22)
In the model we are considering, these two matrices are identical to zu,d of the FCNC effects
in Eq. 18 since a2
W
is equal to az. Indeed
V †V = (zd), V V † = (zu) (23)
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This intimate relation between the non-unitarity of W charge current and the FCNC of Z
boson is important for maintaining the gauge invariance of their combined contributions to
any physical process.
The off-diagonal elements of these matrices, characterizing the non-unitarity, is closely
related to the mixing of ordinary and vector quarks. The off-diagonal elements are of order
a2 or b2. To calculate it, in principle, the next-to-leading order expansion of Kˆ, denoted as
Kˆ2, is needed. In fact
(V †V )ij = (Kˆ
d
2 + Kˆ
d†
2 )ij + a
2(~bd)i(~bd)
∗
j (24)
Fortunately, by the unitarity of the mixing matrix Ud, the combination Kˆd2 + Kˆ
d†
2 is equal
to −(~bd)(~bd)†.
Kˆd2 + Kˆ
d†
2 = −(~bd)(~bd)† (25)
Thus the off-diagonal elements can be simplified
(V †V )ij = (−1 + a2)(~bd)i(~bd)∗j (26)
For isosinglet vector quark, a = 0.
The Yukawa couplings between Higgs fields and quarks in weak eigenstate can be written
in a matrix form as
− v√
2
(
ψ¯′LaZMdd′Rφ+ d¯′RM†daZψ′Lφ† + ψ¯′LaZMuu′Rφ˜+ u¯′RM†uaZψ′Lφ˜†
)
(27)
Note that aˆZ is added to ensure that the left handed isosinglet vector quarks do not par-
ticipate in the Yukawa couplings. The Yukawa interactions of quark mass eigenstates and
unphysical charged Higgs fields φ± are given by
Lφ± = g√
2MW
[u¯(muV L− V mdR)d]φ+ + g√
2MW
[
d¯(−mdV †L+ V †muR)u
]
φ− (28)
while those of Higgs boson H and unphysical neutral Higgs field χ by
LH = − g
2MW
[
d¯(mdz
dL+ zdmdR)d+ u¯(muz
uL+ zumuR)u
]
H (29)
Lχ = − ig
2MW
[
d¯(−mdzdL+ zdmdR)d+ u¯(muzuL− zumuR)u
]
χ0 (30)
3 B Meson Radiative Decay
The B → Xsγ decay, which already exists via one-loopW -exchange diagram in SM, is known
to be extremely sensitive to the structure of fundamental interactions at the electroweak scale
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and serve as a good probe of new physics beyond SM because new interaction generically
can also give rise to significant contribution at the one-loop level.
The inclusive B → Xsγ decay is especially interesting. In contrast to exclusive decay
modes, it is theoretically clean in the sense that no specific low energy hadronic model is
needed to describe the decays. As a result of the Heavy Quark Effective Theory (HQET), the
inclusive B meson decay width Γ(B → Xsγ) can be well approximated by the corresponding
b quark decay width Γ(b → sγ). The corrections to this approximation are suppressed
by 1/m2b [5] and is estimated to contribute well below 10% [6, 7]. This numerical limit is
supposed to hold even for the recently discovered non-perturbative contributions which are
suppressed by 1/m2c instead of 1/m
2
b [9]. In the following, we focus on the dominant quark
decay b→ sγ.
In SM, b→ sγ arises at the one loop level from the variousW mediated penguin diagrams.
The number of diagrams needed to be considered can be reduced by choosing the non-linear
Rξ gauge as in [10]. In this gauge, the tri-linear coupling involving photon, W boson and the
unphysical Higgs field φ+ vanishes. Therefore only four diagrams , as in Fig. 1. contribute.

(a)
b

t; c; u
W
s
W

(b)
b

t; c; u

s


(c)
b

t; c; u
W
s
t; c; u

(d)
b

t; c; u

s
t; c; u
Figure 1: Charged boson mediated penguin.
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The on-shell Feynman amplitude can be written as
iM(b→ sγ) =
√
2GF
π
e
4π
∑
i
VibV
∗
isF2(xi)q
µǫν s¯σµν(mbR +msL)b (31)
with xi ≡ m2i /M2W The sum is over the quarks u, c and t. The contributions to F2 from the
four diagrams are denoted as fW,φ1,2 , with the subscript 1 used to denote the diagrams with
photon emitted from internal quark and 2 those with photon emitted from W boson. The
functions f ’s are given by
fW1 (x) = ei
[
ξ0(x)− 32ξ1(x) + 12ξ2(x)
]
, (32)
fW2 (x) = ξ−1(x)− 52ξ0(x) + 2ξ1(x)− 12ξ2(x) , (33)
fφ1 (x) =
1
4
eix [ξ1(x) + ξ2(x)] , (34)
fφ2 (x) =
1
4
x [ξ0(x)− ξ2(x)] . (35)
Here the functions ξ(x) are defined as
ξn(x) ≡
∫ 1
0
zn+1dz
1 + (x− 1)z = −
lnx+ (1− x) + · · ·+ (1−x)n+1
n+1
(1− x)n+2 , (36)
and
ξ−1(x) ≡
∫ 1
0
dz
1 + (x− 1)z = −
lnx
1 − x (37)
F2(x) is the sum of these functions and is given by
F2(x) = f
W
1 (x) + f
W
2 (x) + f
φ
1 (x) + f
φ
2 (x) =
8x3 + 5x2 − 7x
24(1− x)3 −
x2(2− 3x)
4(1− x)4 ln x+
23
36
(38)
For light quarks such as u and c, with xi → 0, the first two terms on the right hand side
are small and can be ignored. F2(xu,c) is dominated by the x independent term
23
36
. However
these mass-independent terms get canceled among the up-type quarks due to the unitarity
of KM matrix in SM ∑
i
VibV
∗
is = 0 (39)
After the cancelation, the remaining contributions are essentially from penguins with internal
t quark.
It is convenient to discuss weak decays using the effective Hamiltonian formalism [11,
12], which is crucial for incorporating the QCD corrections to be discussed later. In this
formalism, the W and Z bosons are integrated out at matching boundary MW . Their effects
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are compensated by non-renormalizable effective Hamiltonian operators. The important
dim-6 operators relevant for b→ sγ include 12 operators
Heff = −GF√
2
V ∗tsVtb
12∑
i=1
Ci(µ)Oi , (40)
Q1 = (c¯αbβ)V−A(s¯βcα)V−A ,
Q2 = (c¯αbα)V−A(s¯βcβ)V−A
Q3 = (s¯αbα)V−A
∑
q
(q¯βqβ)V−A
Q4 = (s¯αbβ)V−A
∑
q
(q¯βqα)V−A
Q5 = (s¯αbα)V−A
∑
q
(q¯βqβ)V+A
Q6 = (s¯αbβ)V−A
∑
q
(q¯βqα)V+A
Q7 =
3
2
(s¯αbα)V−A
∑
q
eq(q¯βqβ)V+A
Q8 =
3
2
(s¯αbβ)V−A
∑
q
eq(q¯βqα)V+A
Q9 =
3
2
(s¯αbα)V−A
∑
q
eq(q¯βqβ)V−A
Q10 =
3
2
(s¯αbβ)V−A
∑
q
eq(q¯βqα)V−A
Qγ =
e
8π2
s¯ασ
µν [mb(1 + γ5) +ms(1− γ5)]bαFµν
QG =
gs
8π2
s¯ασ
µν [mb(1 + γ5) +ms(1− γ5)](TAαβ)bαGAµν (41)
In Standard Model, the electroweak penguin operators Q7, . . . , Q10 are not necessary for a
leading order calculation in O(α). However, we will show later that in the vector quark
model, FCNC effects exist as a linear combination of Q7, . . . , Q10. This effect will mix with
Qγ through RG evolution.
The Wilson coefficients Ci at µ =MW are determined by the matching conditions when
W , Z bosons and t quark are integrated out. To the zeroth order of αs and α, the only
non-vanishing Wilson coefficients at µ = MW for the above set are C2, Cγ, CG. C2 is given
by
C2(MW ) = −V ∗csVcb/V ∗tsVtb. (42)
It is equal to one if the KM matrix is unitary and V ∗usVub is ignored. Cγ at the scale MW is
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given by the earlier penguin calculations
CSMγ (MW ) =
1
V ∗tsVtb
∑
i
VibV
∗
isF2(xi) = −
1
2
D′0(xt) ≃ −0.193 . (43)
The numerical value is given when mt = 170 GeV. Here the function D
′
0 is defined as [11, 13]
D′0(x) ≡ −
8x3 + 5x2 − 7x
12(1− x)3 +
x2(2− 3x)
2(1− x)4 lnx. (44)
Cγ retains only the mass-dependent contribution from the penguin diagram with internal t
quark. The mass-independent terms get cancelled, due to unitarity, among the three internal
up type quarks. The mass-dependent contributions from the penguin diagrams with internal
u and c quarks (they are small anyway) appear both in the high energy and low energy
theories and get canceled in the matching procedure. Similarly, in SM the b→ sg transition
arises from W exchange penguin diagrams which induce QG. Since the gluons do not couple
toW bosons, the gluonicW boson penguin consists only of two diagrams, which are given by
fW,φ1 with Q replaced by one. With the mass-independent contribution canceled, the Wilson
coefficient CG can be written as
CSMG (MW ) = −
1
2
E ′0(xt) ≃ 0.096 , (45)
The function E ′0 is defined as [13]
E ′0(x) ≡ −
x(x2 − 5x− 2)
4(1− x)3 +
3
2
x2
(1− x)4 ln x. (46)
It is well known that short distance QCD correction is important for b→ sγ decay and
actually enhances the decay rate by more than a factor of two. These QCD corrections can
be attributed to logarithms of the form αns (mb) log
m(mb/MW ). The Leading Logarithmic
Approximation (LLA) resums the LL series (m = n). Working to next-to-leading-log (NLL)
means that we also resum all the terms of the form αs(mb)α
n
s (mb) log
n(mb/MW ). The QCD
corrections can be incorporated simply by running the renormalization scale from the match-
ing scale µ = MW down to mb and then calculate the Feynman amplitude at the scale mb.
The anomalous dimensions for the RG running have been found to be scheme dependent
even to LL order, depending on how γ5 is defined in the dimensional regularization scheme.
⇒ It has also been noticed [15] that the one-loop matrix elements of Q5, Q6 for b→ sγ are ⇐Oct13
also regularization scheme dependent. The matrix elements of Q5,6 vanish in any four di-
mensional regularization scheme and in the ‘t Hooft-Veltman (HV) scheme but are non-zero
in the Naive dimension regularization (NDR) scheme. This dependence will exactly cancel
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the scheme-dependence in the anomalous dimensions and render a scheme-independent pre-
diction. We refer to [11, 15] for a review and details. In following, we choose to use the HV
scheme. 1
In the HV scheme, only Qγ has a non-vanishing matrix element between b and sγ, to
leading order in αs(mb), . Thus we only need Cγ(mb) to calculate the LLA of b→ sγ decay
width. For mt = 170 GeV, mb = 5 GeV, α
(5)
s (MZ) = 0.117 and in the HV scheme, Cγ(mb)
is related to the non-zero Wilson coefficients at MW by [11, 14, 15]
Cγ(mb) = 0.698Cγ(MW ) + 0.086CG(MW )− 0.156C2(MW ).
The b→ sγ amplitude is given by
M(b→ sγ) = −VtbV ∗ts
GF√
2
Cγ(mb)〈Qγ〉tree (47)
To avoid the uncertainty in mb, it is customary to calculate the ratio R between the radiative
decay and the dominant semileptonic decay. The ratio R is given, to LLA, by [14]
R ≡ Γ(b→ sγ)
Γ(b→ ceν¯e) =
1
|Vcb|2
6α
πg(z)
|V ∗tsVtbCγ(mb)|2 . (48)
Here the function g(z) of z = mc/mb is defined as
g(z) = 1− 8z2 + 8z6 − z8 − 24z4 ln z (49)
In the vector quark model, deviations from SM result come from various sources: (1)
charged current KM matrix non-unitarity, (2) Flavor Changing Neutral Current (FCNC)
effects in neutral boson mediated penguin diagrams, and (3) the W penguin with internal
heavy U vector quark. Since the last one can be incorporated quite straight-forwardly, we do
not elaborate on this contribution which will not be relevant for models without the U quark.
We concentrate on the first two contributions, which have been discussed in Refs.[16, 17, 18].
Here we make a more careful and complete analysis which supplements or corrects these
earlier analyses. Refs.[16] have calculated effects due to non-unitarity of the KM matrix and
effects due to the Z mediated penguin in the Feynman gauge, however, their analysis did not
include the FCNC contribution from the unphysical neutral Higgs boson, which is necessary
for gauge invariance. The Higgs boson mediated penguins were also ignored. On the other
1 It is customary in the literature to introduce [14] the scheme independent ”effective coefficients” for
Qγ , QG. These coefficients are defined so that Qγ , QG are the only operators with non-zero one loop matrix
element for the process b → sγ(g). The ”effective coeffients” are hence identical to the original Wilson
coefficients in HV scheme.
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hand, Ref.[17], while taking the unphysical Higgs boson into account, did not consider effects
due to non-unitarity of the KM matrix, which gives the most important contribution. None
of the above treatments, except Ref.[18], included QCD corrections.
Our strategy is first to integrate out the vector quark together with W and Z bosons at
the scaleMW . As shown above, the KM matrix is not unitary in the presence of an isosinglet
vector quark. Therefore the mass-independent contributions in Eq. (38) from the magnetic
penguin diagrams with various up-type quarks no longer cancel. This contribution is related
to the short distance part of loop integration, i.e. when the loop momenta are large so that
the quark mass which appears in the propagator can be ignored. In the formalism of the
low energy effective Hamiltonian, it can be shown that these mass independent contributions
never arise if the theory is renormalized using DRMS or similar schemes. By dimensional
analysis, it is clear that the corresponding diagrams calculated using effective Hamiltonians
are always proportional to the square of the loop quark mass. When we match the two
calculations at the MW scale, the mass-independent contributions must be compensated by
new terms in Wilson coefficients. This is consistent with the notion that the effective field
theory formalism separates the short distance physics encoded in Wilson coefficients from
the long distance physics parameterized by matrix elements of the effective Hamiltonian.
Such separation enables us to calculate effects of new physics by simply calculating Wilson
coefficients perturbatively at the matching boundary. The matching results serve as initial
conditions when Wilson coefficients run to a lower scale by renormalization group. Since the
vector quarks have been integrated out, the anomalous dimensions are not affected by the
new physics.
Following this procedure, we calculate the extra contributions to the Wilson coefficient
Cγ from non-unitarity:
(V †V )23
V ∗tsVtb
23
36
=
δ
V ∗tsVtb
23
36
. (50)
The parameter δ, one of the off-diagonal elements of the matrix V †V , characterizes the
non-unitarity:
δ = (V †V )23 = zsb (51)
The b→ sγ transitions also arise from FCNC Z boson and Higgs boson mediated penguin
diagrams as in Fig. 2. The FCNC contribution to Cγ(MW ) can be denoted as follows:
zsb
VtbV ∗ts
(fZs,b + f
χ
s,b + f
H
s,b) +
z4bz
∗
4s
VtbV ∗ts
(fZD + f
χ
D + f
H
D ) (52)
For the sake of gauge invariance, fZ needs to be considered together with fχ. The Z boson
penguins consist of internal charge −1
3
quarks. The contribution from internal i = b, s quark,
12
fZs,b, is given by (yi ≡ m2i /M2Z):
fZb = −12ed
{
(−1
2
− ed sin2 θW ) [ 2ξ0(yb)− 3ξ1(yb) + ξ2(yb) ]
+ ed sin
2 θW [ 4ξ0(yb)− 4ξ1(yb) ]
}
(53)
fZs = −12ed
{
(−1
2
− ed sin2 θW ) [ 2ξ0(ys)− 3ξ1(ys) + ξ2(ys) ]
+
ms
mb
ed sin
2 θW [ 4ξ0(yb)− 4ξ1(yb) ]
}
(54)
The last term in fZs has a mass insertion in the s quark line. It is suppressed by ms/mb and
will be ignored. The calculation is similar to that of fW . For a consistent approximation,

(a)
b

d; s; b;D
Z
s
d; s; b;D

(b)
b

d; s; b;D
H;
s
d; s; b;D
Figure 2: Neutral boson mediated penguin diagrams.
the two variables yb and ys, which are the ratios of m
2
b , m
2
s toM
2
Z , are also set to zero. Hence
fZb + f
Z
s ≈ −12ed
{
(−1
2
− ed sin2 θW ) [ 4ξ0(0)− 6ξ1(0) + 2ξ2(0) ]
+ed sin
2 θW [ 4ξ0(0)− 4ξ1(0) ]
}
(55)
= −1
9
− 1
27
sin2 θW ≃ −0.12 (56)
The Z-mediated penguin diagram with internal D quark can also be calculated.
fZD =
1
4
ed [ 2ξ0(yD)− 3ξ1(yD) + ξ2(yD) ]→ − 5
72yD
+O(
1
y2D
) . (57)
It approaches zero when yD → ∞ and thus fZD is negligible in large yD limit. For a gauge
invariant result, the unphysical neutral Higgs χ mediated penguin needs to be considered
together with the Z boson penguin. In the non-linear Feynman gauge we have chosen, the
mass of χ is equal to MZ . The calculation is very similar to the φ
± penguin. For internal
s, b,D quarks, the contributions fχs,b,D are given by
fχi =
ed
8
yi [ ξ1(yi) + ξ2(yi) ]
= −ed
8
yi
[
(2− yi) ln yi − 5
6
y3i + 4y
2
i −
13
2
yi +
10
3
]
1
(1− yi)4 (58)
13
It is obvious that the light quark contributions are suppressed by the light quark masses and
thus negligible. The situation is quite different for the heavy D quark. As an approximation,
for yD → ∞, fχD → − 5144 ∼ −0.035. This contribution, comparable to the Z mediated
penguin fZ from light quarks, has been overlooked in previous calculations[16]. Since the
quark D may not be much heavier than Z boson, we expand fχD in powers of 1/yD and keep
also the next leading term.
fχD ≈ −
5
144
+
1
36
1
yD
+O(
1
y2D
) . (59)
The Higgs boson H mediated penguin is similar to that of unphysical Higgs χ:
fHi = −
ed
8
wi [3ξ1(wi)− ξ2(wi)]
= −ed
8
wi
[
(−2 + 3wi) lnwi + 7
6
w3i − 6w2i +
15
2
wi − 8
3
]
1
(1− wi)4 (60)
where wi ≡ m2i /M2H . Similar to the χ penguin, fHs,b can be ignored since ms, mb ≪ mH . For
fHD , we again expand it in powers of 1/wD and keep up to the next leading term:
fHD ≈ +
7
144
− 1
18
1
wD
+O(
1
w2D
) (61)
The leading term is +0.048, again comparable to the Z penguin.
Put together, the Wilson coefficient Cγ(MW ) in the vector quark model is given by
Cγ(MW ) = C
SM
γ (MW ) +
δ
VtbV ∗ts
23
36
+
zsb
VtbV ∗ts
(fZs + f
χ
s + f
H
s + f
Z
b + f
χ
b + f
H
b )
+
z4bz
∗
4s
VtbV
∗
ts
(fZD + f
χ
D + f
H
D )
= CSMγ (MW ) +
zsb
VtbV
∗
ts
(
23
36
− 1
9
− 1
27
sin2 θW +
5
72yD
+
5
144
− 1
36
1
yD
− 7
144
+
1
18
1
wD
)
→ −0.193 + zsb
VtbV
∗
ts
× 0.506 . (62)
Here we have used the unitarity relations z4bz
∗
4s = −|U44|2zsb ≈ −zsb to leading order in
FCNC due to the unitarity of UdL and δ = zsb from Eq. (51). In the above numerical
estimate we took yD, wD to infinity.
Similarly the Wilson coefficient of the gluonic magnetic-penguin operator QG is modified
by the vector quark. In the vector quark model, the mass-independent term will give an extra
contribution 1
3
δ if the KM matrix is non-unitary[10]. The FCNC neutral boson mediated
gluonic magnetic penguin diagrams are identical to those of the photonic magnetic penguin,
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except for a trivial replacement of Qd by color factors, since photon and gluons do not couple
to neutral bosons. CG(MW ) in the vector quark model is given by
CG(MW ) = C
SM
G (MW ) +
δ
VtbV ∗ts
1
3
− 3 zsb
VtbV ∗ts
(fZs + f
χ
s + f
H
s + f
Z
b + f
χ
b + f
H
b )
−3z4bz
∗
4s
VtbV
∗
ts
(fZD + f
χ
D + f
H
D )
= CSMG (MW ) +
zsb
VtbV
∗
ts
(
1
3
+
1
3
+
1
9
sin2 θW − 5
24yD
− 5
48
+
1
12
1
yD
+
7
48
− 1
6
1
wD
)
→ −0.096 + zsb
VtbV
∗
ts
× 0.733 . (63)
The above deviation from SM does not include QCD evolution. We can incorporate LL
QCD corrections to these deviations in the framework of effective Hamiltonian. The key is
that the deviation from Standard Model is a short distance effect at the scale ofMW andMQ.
It can be separated into the Wilson coefficients at the matching scale, as we just did. The
evolution of Wilson coefficients, which incorporates the LL QCD corrections, is not affected
by the short distance physics of vector quark model and all the anomalous dimensions used
in SM calculation still valid here. One only needs to use the corrected Wilson coefficients at
µ = MW and in so doing we resum all the terms of the form zsbα
n
s (mb) log
n(mb/MW ).
One subtlety in the vector quark model is that the quark mixing will generate Flavor
Changing Neutral Current that couple to Z boson, which in turn gives rise to Z boson
exchange interaction. This interaction is represented by an Effective Hamiltonian which is
a linear combination of strong penguin operator Q3 and electroweak penguin operator Q7,9:
HNC = 2
GF√
2
zsb
(
−1
2
)
(s¯αbα)V−A
∑
q
(t3 − eq sin2 θW )(q¯βqβ)V±A
= −GF√
2
zsb
[
−1
6
Q3 − 2
3
sin2 θWQ7 +
2
3
(1− sin2 θW )Q9
]
(64)
which gives additional non-zero Wilson coefficients:
C3(MW ) = − zsb
VtbV ∗ts
1
6
,
C7(MW ) = − zsb
VtbV ∗ts
2
3
sin2 θW ,
C9(MW ) =
zsb
VtbV ∗ts
2
3
(1− sin2 θW ) . (65)
To LL, the strong penguin and electroweak penguin operators could mixing among them-
selves and also with Qγ and QG. This will generate an additional LL QCD correction to
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b → sγ decay in the vector quark model. The crucial Wilson coefficient Cγ(mb) obtain
additional contributions:
Cγ(mb) = 0.698Cγ(MW ) + 0.086CG(MW )− 0.156C2(MW )
+0.143C3(MW ) + 0.101C7(MW )− 0.036C9(MW ). (66)
This FCNC LL QCD corrections is about one fifth the FCNC contribution of Z boson
mediated penguin. The detail of the RG running calculation is given in the appendix.
The correction to ratio R in the vector quark model, including its LL QCD corrections,
is given by
∆R =
6α
πg(z) |Vcb|2 × 0.307× Re [V
∗
tsVtb zsb] = 0.23Re zsb
to leading order in δ. In this result, the difference between V ∗tsVtb and −V ∗csVcb, i.e.
V ∗csVcb = zsb − V ∗tsVtb, (67)
has been taken into account. We use the value |V ∗tsVtb|2/|Vcb|2 = 0.95.
4 Constraints
The inclusive B → Xsγ branching ratio has been measured by CLEO with the branching
ratio [19, 20]
B(B → Xsγ)EXP = (3.15± 0.54)× 10−4 (68)
This branching ratio could be used to constrain the mixing in the vector quark model. We
calculate the vector quark model deviation to leading logarithmic order, ie. all the terms
of the form zsbα
n
s (mb) log
n(mb/MW ). The Standard Model prediction to leading logarithmic
order is [21]
B(B → Xsγ)LO = (2.93± 0.67)× 10−4 (69)
The difference between the experimental data and the Standard Model LO prediction,
B(B → Xsγ)EXP − B(B → Xsγ)NLO = (0.22± 0.86)× 10−4 (70)
It gives a range of possible vector quark model deviation and hence on zsb (with the input
B(B → Xceν¯) = 0.105):
− 0.0027 < zsb < 0.0045 (71)
⇒ The SM prediction up to next-to-leading order has been calculated in Ref.[7], with ⇐Oct13
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the result
B(B → Xsγ)NLO = (3.28± 0.33)× 10−4 (72)
Ref.[8] later did a new analysis, which discards all corrections beyond NLO by expanding
formulas like Eq.(48) in powers of αs, and reported a slightly higher result:
B(B → Xsγ)NLO = (3.60± 0.33)× 10−4 (73)
Here we also use these new next-to-leading order SM calculations and the leading order vector
quark model correction to constraint Zsb. To be consistent in the estimate of the theoretical
errors, however, a full next-to-leading order calculation of the vector quark model matching
correction is required. The difference between the experimental data and the Standard Model
NLO prediction, with the errors added up directly, is
B(B → Xsγ)EXP − B(B → Xsγ)NLO = (−0.13± 0.63)× 10−4 [7]
(−0.45± 0.63)× 10−4 [8] (74)
It gives a constraint on zsb:
− 0.0032 < zsb < 0.0021 [7]
−0.0045 < zsb < 0.0007 [8] (75)
The previously strongest bound on zsb is from Z-mediated FCNC effect in the mode
B → Xµ+µ− [3]:
− 0.0012 < zsb < 0.0012 (76)
Our new bound is as strong as that from FCNC. It shows that even though the vector quarks
contribute to the radiative decay rate through one loop, as in SM, the data could still put
strong bound.
On the other hand, in models like Ref. [1], operators of different chiralities such as
O′γ =
e
8π2
s¯ασ
µν [mb(1− γ5) +ms(1 + γ5)]bαFµν ,
O′G =
gs
8π2
s¯ασ
µν [mb(1− γ5) +ms(1 + γ5)](TAαβ)bαGAµν , (77)
occurs via the new interaction. Our study can be extended to these models too. However,
the new amplitude for b→ sγ belongs to a different helicity configuration in the final state
and it will not interfere with the SM contribution. Consequently, the constraint obtained
from b→ sγ in these models is less stringent than that from B → Xµ+µ−.
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In the upcoming years, much more precise measurements are expected from the upgraded
CLEO detector, as well as from the B-factories presently under construction at SLAC and
KEK. The new experimental result will certainly give us clearer evidence whether the vector
quark model is viable.
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Appendix
The RG equations for the Wilson coefficients Cr ≡ (C1(µ), . . . , C10(µ)) and Cγ, CG can be
written as [15]
d
d lnµ
Cr(µ) =
αs
4π
γˆTr Cr(µ)
d
d lnµ
Cγ(µ) =
αs
4π
(βγ ·Cr(µ) + γγγCγ(µ) + γGγCG(µ))
d
d lnµ
CG(µ) =
αs
4π
(βG ·Cr(µ) + γGGCG(µ)) (78)
The 10 by 10 submatrix γˆr can be found in [15]. The anomalous dimension matrix entries
β7−10γ,G are extracted from the results of β
3−6
γ,G in Ref. [15]. ⇒ In the HV scheme, βγ,G are ⇐Oct13
given by:
βγ =


0
− 4
27
N2−1
2N
− 2eu
ed
N2−1
2N
−116
27
N2−1
2N
−4f
27
N2−1
2N
− 2f¯ N2−1
2N
8
3
N2−1
2N
−4f
27
N2−1
2N
+ 2f¯ N
2−1
2N
4ed
N2−1
2N
−2f¯
9
ed
N2−1
2N
+ 3f N
2−1
2N
−58
9
ed
N2−1
2N
−2f¯
9
ed
N2−1
2N
− 3f N2−1
2N


, βG =


3
11N
9
− 29
9N
22N
9
− 58
9N
+ 3f
6 + 11Nf
9
− 29f
9N
−2N + 4
N
− 3f
−4− 16Nf
9
+ 25f
9N
−3Ned + 6N ed − 9f¯2 ed
−6ed − 8Nf¯3 ed + 25f¯6N ed
11N
3
ed − 293N ed + 9f¯2 ed
9ed +
11Nf¯
6
ed − 29f¯6N ed


(79)
Here u and d are the numbers of active up-type quarks and down type quarks respectively,
f is the total number of active quark flavor. Between the scales mb and MW , u = 2, d = 3,
f = 5, f¯ ≡ (edd+ euu)/ed = −1, f ≡ (e2dd+ e2uu)/ed = −11/3. For SU(3) color, N = 3 .
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